Psychoacoustic modulation transfer functions (MTFs) represent one approach to the study of temporal processing. Several methods have been reported for measuring MTFs. These methods have in common the measurement or representation of threshold in terms of depth of modulation (m). A series of threshold estimates are made and plotted as a function of modulation frequency (f,,r) to produce a MTF. In this report we consider three methods of measuring MTFs that yield different patterns of results. These methods include the temporal-probe, the derived-MTF, and the modulation-detection paradigms. The temporal-probe paradigm measures the detectability of a brief pure tone, or probe signal, as a function of the sinusoidal phase of a 100% amplitude-modulated noise. The derived-MTF method measures the threshold of a longer duration (500 ms) tone masked by continuous 100% sinusoidally amplitude-modulated (SAM) noise. The most commonly used technique to obtain MTFs is the modulation-detection method. This procedure searches for the depth of modulation (m) that makes the modulated signal just discriminable from an unmodulated signal. Viemeister (1973a) described one of the first temporalprobe experiments in which a wideband noise at 65 dB SPL was 90% sinusoidally amplitude modulated. A click (of unspecified nature) was presented at several different phases of a single modulation cycle. For each modulation frequency studied, a sine wave was fit to the click threshold data to show masked threshold as a function of the phase of the modulating sinusoid. From these curves Viemeister derived the amplitude and phase characteristics of the MTF. The cutoff frequencies derived from the data ranged from 60-100 Hz. Viemeister (1977) showed that the primary limitation of the temporal-probe procedure is the use of finite-duration probes. The temporal "smearing" effects of such signals preclude direct interpretation of the observed MTF as a true transfer function.
Psychoacoustic modulation transfer functions (MTFs) represent one approach to the study of temporal processing. Several methods have been reported for measuring MTFs. These methods have in common the measurement or representation of threshold in terms of depth of modulation (m). A series of threshold estimates are made and plotted as a function of modulation frequency (f,,r) to produce a MTF. In this report we consider three methods of measuring MTFs that yield different patterns of results. These methods include the temporal-probe, the derived-MTF, and the modulation-detection paradigms. The temporal-probe paradigm measures the detectability of a brief pure tone, or probe signal, as a function of the sinusoidal phase of a 100% amplitude-modulated noise. The derived-MTF method measures the threshold of a longer duration (500 ms) tone masked by continuous 100% sinusoidally amplitude-modulated (SAM) noise. The most commonly used technique to obtain MTFs is the modulation-detection method. This procedure searches for the depth of modulation (m) that makes the modulated signal just discriminable from an unmodulated signal. Viemeister (1973a) described one of the first temporalprobe experiments in which a wideband noise at 65 dB SPL was 90% sinusoidally amplitude modulated. A click (of unspecified nature) was presented at several different phases of a single modulation cycle. For each modulation frequency studied, a sine wave was fit to the click threshold data to show masked threshold as a function of the phase of the modulating sinusoid. From these curves Viemeister derived the amplitude and phase characteristics of the MTF. The cutoff frequencies derived from the data ranged from 60-100 Hz. Viemeister (1977) showed that the primary limitation of the temporal-probe procedure is the use of finite-duration probes. The temporal "smearing" effects of such signals preclude direct interpretation of the observed MTF as a true transfer function. Viemeister (1977) demonstrated that the attenuation rate of the lowpass MTF derived with this method varied between 6 and 10 dB/octave depending on probe duration. Buunen (1976) measured MTFs using the derived-MTF method with a 100% amplitude-modulated broadband noise carrier and pure-tone signals of 500, 1000, 2000, and 4000 Hz. He obtained lowpass cutoff frequencies of 30, 38, 55, and 85 Hz, respectively. Cutoff frequency increased with signal frequency. The asymptotic attenuation rate of the MTFs was about 6 dB/octave at the lower frequencies. Weber (1977) utilized the same procedure with a 2000-Hz signal and three noise spectrum levels. His derived MTF had a cutoff frequency of 40 Hz and an attenuation rate of about 12 dB/octave. He found that the cutoff frequency increased slightly with spectrum level. Viemeister (1973b Viemeister ( , 1977 Viemeister ( , 1979 conducted a series of experiments on modulation detection. He concluded that: (a) MTFs were relatively independent of presentation level above a spectrum level of 20 dB SPL; (b) the time constant of the MTF decreased as the center frequency of the bandlimited modulated noise was increased (however, change in carrier bandwidth was a confounding factor); and (c) the attenuation characteristic of the MTF (i.e., 3-4 dB/octave) is not consistent with that of a simple lowpass filter (attenuation rate = 6 dB/octave), but a model incorporating such a filter (with a time constant of 2.5 ms) can describe the data for broadband noise carriers.
Because all of the methods considered here yield MTFs with a more or less lowpass shape, investigators have found it useful to describe the MTFs in terms that an engineer might use to quantify the transfer function for a lowpass filter. This lowpass-filter approach to MTFs provides a simple and convenient framework for the comparison of MTFs obtained with the several methods.
Estimates of the lowpass-filter cutoff frequencies, as determined by various studies using MTFs, have ranged from 15 to 100 Hz with the temporal-probe paradigm, 30 to 85 Hz with the derived-MTF method, and 5 to 55 Hz with the modulation-detection procedure (Scott, 1986) . The attenuation rate of the best-fitting lowpass filter has also varied generally between 6 and 12 dB/octave for the temporal-probe and derived-MTF paradigms. Most MTFs based on modulation-detection thresholds have consistently shown attenuation rates of less than 6 dB/octave. The variability of the results may reflect the wide variety of stimulus parameters used in each study, the use of different groups of listeners, and the use of different methods. Given this variability, it is difficult to determine if the different MTF paradigms provide equivalent estimates of temporal resolution in the auditory system. The present study compared the MTFs for each paradigm in the same group of subjects for similar stimulus parameters.
EXPERIMENT I (TEMPORAL-PROBE PARADIGM) METHOD

Subjects
Five normal-hearing adults (27-39 years of age) served as subjects. Each subject had hearing thresholds no poorer than 15 dB HL (ANSI, 1970) bilaterally at octave intervals from 250 to 8000 Hz. They also had normal middle-ear function (middle-ear pressure -+100 daPa and contralateral acoustic reflexes present at 100 dB HL from 500 to 4000 Hz). Testing time for each subject was about 30-35 hours. All subjects were volunteers. 
Apparatus
An LSI-11/23 laboratory minicomputer generated a dc-shifted cosine modulator with specified frequency, amplitude, rise/fall time, and starting phase. The modulation frequencies were 2, 4, 8, 16, 32, 64, 128, and 256 Hz. A white noise lowpass filtered at 10 kHz was multiplied by the modulator to produce 100% sinusoidally amplitude-modulated (SAM) noise.
The 4-ms probe signal was formed by gating a continuous tone with a triangular window. An oscillator generated 1000-and 4000-Hz pure tones and a rise/fall gate provided a linear 2-ms rise/decay function for the triangular gating.
A timer controlled the temporal location of the probe tone within the phase of the SAM noise. The probe tone was presented 248 ms into a 500-ms observation interval. The stimulus was presented to the left earphone (TDH-49P) for each subject. The nominal spectrum level of the noise at the earphone was about 31 dB/Hz.
Procedure
Each subject practiced 2 hours before data collection began. An adaptive two-interval forced-choice (2IFC) paradigm was used to measure probe threshold. Presentation of the probe occurred as illustrated in Figure la . The spectra of the probe and the SAM masker are also shown schematically in the right-hand portion of the figure. At the offset of the warning light, a burst of modulated noise was presented. Each burst lasted 2500 ms (beginning 500 ms before the first observation interval and ending 500 ms after the second observation interval). Lights were activated to indicate each of the observation For all experiments, the signal is represented as occurring in the first interval of a 2IFC paradigm. PIT represents a 4-ms tone presented in the trough of the SAM noise, whereas PIP represents a 4-ms tone presented in the peak of the SAM noise.
intervals. Once the burst of modulated noise was completed, a fourth light was activated to allow the subject to choose the signal interval. After the subject responded, feedback was provided.
The probe was presented in a peak or trough of the SAM noise for modulation frequencies 2 through 8 Hz and was presented in all conditions at the same time relative to the start of the SAM noise. Pilot data indicated that the maximum and minimum probe threshold at modulation frequencies > 8 Hz did not appear at the points of maximum and minimum carrier amplitude, as was the case for lower modulation frequencies. It was therefore necessary to determine the degree of the phase shift within the auditory system. For modulation frequencies from 16 Hz to 256 Hz, the probe was presented as a function of the phase of the sinusoidal modulator in 30°s teps from 0°to 360°. Probe threshold was measured for each phase condition.
The level of the tone was adjusted adaptively according to the subject's responses to estimate 70.7% correct signal detections (Levitt, 1971) . A total of 14 reversals in signal level determined a single run. Threshold was estimated by averaging the last 10 reversals. An 8-dB step size was used for the first three reversals; the step size for the remaining reversals was 2 dB. Average probe-tone threshold was obtained from three runs. Whenever the standard deviation over three runs was greater than 3.0 dB, a fourth run was made, and the threshold most different from the mean of the four runs was discarded. The order of presentation of modulation frequency was varied randomly for each subject, but all measurements at a given 33 390-397 June 1990 modulation frequency were completed before proceeding to a new frequency.
RESULTS
Individual masked thresholds obtained with the 1000-Hz probe signal have been pooled for the five listeners; average data are shown in Figure 2 . The data in the upper left panel for modulation frequencies 2 through 8 Hz indicate that: (a) the maximum threshold was roughly stable at 78 dB SPL and appeared at a modulation phase of 0°, and (b) minimum threshold increased from 40 to 52 dB SPL as modulation frequency was increased from 2 to 8 Hz, and it appeared at a modulation phase of 180°A s modulation frequency was increased above 8 Hz, several trends became apparent in the data. The maximum threshold no longer occurred at a modulation phase of 0°. Maximum threshold remained at approximately 78 dB SPL through 64 Hz, although it occurred at a different modulation phase for each of the modulation frequencies. The maximum threshold decreased to roughly 75 dB SPL at 128 and 256 Hz. The minimum threshold did not occur at 1800 modulator phase. The phase value corresponding to the minimum decreased as fm increased. As modulation frequency was increased, the minimum threshold continued to increase such that the difference between maximum and minimum threshold disappeared at 256 Hz.
The observations drawn from the data for 1000 Hz in Figure 2 were also apparent in the data for 4000 Hz. The data were essentially identical to those shown in Figure 2 
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Modulator Phase (deg) FIGURE 2. Mean temporal-probe thresholds at 1000 Hz as a function of modulation starting phase.
The first panel shows the thresholds at modulation starting phases of 00 and 180' for modulation frequencies of 2, 4, and 8 Hz. The rest of the panels show threshold at modulation starting phases of 0°through 360°in 30-degree steps for modulation frequencies 16 through 256 Hz. except that maximum probe threshold at 4000 Hz was 76 dB SPL. This value was relatively stable for modulation frequencies 2 through 64 Hz, but decreased by approximately 3 dB at 128 and 256 Hz. As modulation frequency increased, the minimum threshold again increased such that the difference between the maximum and minimum threshold diminished to near zero at 256 Hz. A cosine wave was fit to the data for modulation frequencies 16 through 256 Hz. The root-mean-square (RMS) error of the fitted wave ranged from 0.61 to 5.78 dB, with most values below 2.67 dB. AP, the difference between the maxima and minima of the cosine fitted data, was estimated to be twice the best-fitting cosine amplitude. By using the starting phase of the best-fitting cosine function, we were able to estimate the shift in temporal location of the maximum and minimum thresholds. The starting phase of the cosine function should have been -1.57 radians when the maximum and minimum thresholds occurred at the maximum and minimum carrier amplitude, respectively. A starting phase other than -1.57 radians indicated a phase shift. This analysis corroborated the shift in phase apparent in Figure 2 .
AP was then obtained, using the best-fitting cosine functions, as a function of modulation frequency. To calculate modulation depth (m) from P, the following formula was used: data, modulation depth declined as modulation frequency increased.
The temporal-probe paradigm permits an estimate of both the amplitude and phase characteristics of the MTF (see Figure 3) . At both signal frequencies of 1000 and 4000 Hz no phase shift was evident through 8 Hz. At 16 Hz modulation frequency there was a slight phase shift of about 0.3-0.4 radians. As modulation frequency increased further, the phase shift also increased to a maximum value of 3 radians at 128 Hz. This phase lead is consistent with that found earlier by Viemeister (1977) . A phase lead indicates that the location of maximum and minimum probe thresholds leads the acoustic maximum and minimum in the modulator.
EXPERIMENT II (DERIVED-MTF PARADIGM)
METHOD
Subjects
The same five normal-hearing adults who served as subjects for the first experiment served as subjects for this experiment. The testing time required for each subject was approximately 6 hours.
Procedures
The derived-MTF method was identical to that of the temporal-probe method except that the probe-tone duration was 500 ms, rise/fall time was 20 ms, and an additional modulation frequency, 512 Hz, was presented. Figure lb illustrates schematically the 2IFC paradigm for this method, as well as the spectra of the noise masker and probe tone. Figure 4 shows the group mean thresholds for both a 1000-and 4000-Hz tone as a function of modulation frequency for the derived-MTF paradigm. The 1000-Hz thresholds (circles) were several dB lower than the 4000-Hz thresholds (triangles) at most modulation frequencies. At 1000 Hz, the threshold was asymptotic at about 50 dB SPL at 256 Hz. At 4000 Hz, the asymptote appeared at 55-60 dB. For three of the listeners, the threshold of the tone at 4000 Hz was essentially asymptotic by 256 Hz, but the thresholds for the other two listeners continued to increase through 512 Hz.
RESULTS
For the derived-MTF method, an estimate of the depth of modulation at threshold was determined from the difference between the asymptotic threshold and the threshold at a given modulation frequency. Modulation depth was calculated from these values as follows: FIGURE 4. Thresholds obtained using the derived-MTF paradigm as a function of modulation frequency. The circles represent the thresholds for the 1000-Hz signal, whereas the triangles represent the thresholds for the 4000-Hz signal.
Where mxy is as before, Pmy is the threshold sound pressure at modulation frequency (y) and probe frequency (x), whereas Pax is the asymptotic sound pressure for probe frequency (x). Modulation depth is plotted as a function of modulation frequency in Figure 5 for signal frequencies of 1000 and 4000 Hz. At 1000 Hz, the MTF shows only a slight decline through 8 Hz followed by a more rapid decline in modulation depth from 16 to 256 Hz. At 4000 Hz, modulation depth remains relatively large out to 32 Hz with the largest decline occurring at modulation frequencies above 64 Hz. 
METHOD
Subjects
The same 5 normal-hearing adults who served as subjects for the first two experiments served as subjects for this experiment. The testing time was approximately 6 hours for each subject.
Apparatus
Broadband noise was multiplied by dc-shifted sinusoids to produce SAM noise. The SAM noise was bandpass filtered after modulation to provide frequency-specific stimuli (bandpass noises at 1000 and 4000 Hz). By filtering after modulation, the spectrum of the signal was determined by the characteristics of the filter and, as with the broadband noise used in the previous two experiments, is invariant with changes in modulation frequency. Bandpass filtering after modulation can, however, alter the modulation depth when the modulation frequency is large relative to the bandwidth of the filter. Direct measurement of modulation depth for stimuli in this study revealed no effect of filtering on modulation depth.
The sinusoidally modulated waveforms were attenuated by a factor of /1+m2) so that the average intensities of the two observation intervals were equal to one another. The frequencies of modulation were the same as were used in the temporal-probe paradigm.
The spectrum level of the bandpass noise was 31 dB/Hz for both center frequencies, the same as for the broadband noise used in the earlier methods. The bandwidths of the noises were 1100 Hz for the 1000-Hz signal (500-1600 Hz) and 1850 Hz for the 4000-Hz signal (3150-5000 Hz).
A continuous broadband background masker served as an additional precaution to prevent off-frequency listening; the background masker served to prevent the subjects from using information outside the passbands of the SAM filtered noise. The signal-to-masker ratio (SMR) (signal spectrum level/background spectrum level) was 20 dB for both bandpass noises. Viemeister (1979) concluded that MTFs based on modulation detection were relatively independent of sensation level above approximately 20 dB, therefore the modulation detection data should not have been affected by SMR. The right-hand portion of Figure c provides a schematic illustration of the spectra of the stimuli.
Procedure
The procedure was similar to the one used with the two preceding methods. Subjects practiced for 2 hours before data collection began. The left-hand portion of Figure c provides a schematic illustration of the 2IFC paradigm used for this method. Following the offset of the warning light, an unmodulated bandpass noise was presented. During one of the 500-ms observation intervals, the noise was sinusoidally modulated. Thus, the noise was on for 2500 ms with 500 ms of the noise being amplitude modulated. Modulation-detection thresholds were obtained in a background of continuous unmodulated broadband noise. The amplitude of the modulating sinusoid (Am) was varied adaptively to estimate 70.7% correct detection of modulation (Levitt, 1971) . The computer controlled the amplitude of modulation using a 4-dB step size for the first 3 reversals and then a 2-dB step size for the remaining 11 reversals. Otherwise, threshold determination was the same as in the two preceding methods.
RESULTS
For this paradigm, threshold was the just-detectable modulation depth, m. This was calculated as follows:
Where D is the DC level to which the sinusoidal modulation is added and Amxy is the peak amplitude of the modulator for carrier frequency (x) and modulator frequency (y). The thresholds obtained for modulation detection are plotted in Figure 6 as 20 log m (dB) versus modulation frequency. At most modulation frequencies, except 2 Hz, the modulation thresholds for the 4000-Hz condition (triangles) were consistently better (by about 5 dB) than those found for the 1000-Hz condition. For both conditions, modulation thresholds were lowest at 8 Hz and progressively deteriorated with increasing frequency.
DISCUSSION
This study was designed to compare three methods for measuring modulation transfer functions. Modulation depth is plotted as a function of modulation frequency for all three paradigms in Figure 7 . The dashed and dotted lines are plots from the first two experiments taken from Figures 3 and 5, whereas the solid line represents the modulation detection experiment. In the modulationdetection paradigm, as modulation frequency increased, it became more difficult for the listener to discriminate between modulated and unmodulated noise.
From these data we can estimate the time constant of hearing to evaluate auditory temporal resolution. This process begins by determining the cutoff frequencies of the lowpass MTFs. A curve was fit to graphs of modulation depth (m) versus modulation frequency (Figures 3  and 5 ) for each paradigm, except for the modulationdetection paradigm (Figure 7 ), for which (l-m) was used. It was assumed, based on previous studies, that a firstorder or second-order lowpass filter would provide a good description of the dependence of m on modulation frequency. According to Schroeder (1981) , the dependence of m on modulation frequency, F, for a first-order filter can be described as follows: 
Where w = 2nF and r is the time constant in seconds. The best-fitting i value was determined using a least-squares criterion. The corresponding cutoff frequency, F(c), was determined by 1/2rT = F(c) (Carlson, 1975) 
Tables 1 and 2 list, for each subject, the best-fitting time constant (T), cutoff frequency [F(c)], and attenuation rate determined using this equation. Only first-order (6 dB/ octave) and second-order (12 dB/octave) lowpass filters were considered in this analysis, so the actual attenuation rate for a given paradigm may not have been either 6 or 12 dB/octave exactly. An analysis of variance (paradigm by signal frequency by subject) was performed on the cutoff frequencies appearing in Tables 1 and 2 . The ANOVA revealed a significant F(2,8) = 16.70, p < .01 paradigm by signal frequency interaction, as well as main effects of both signal frequency and paradigm. In analyzing the simple effect of signal frequency, there was no significant difference in cutoff frequency at the two signal frequencies for the temporal-probe paradigm. For the derived-MTF and modulation-detection paradigms, on the other hand, the 4000-Hz cutoff frequency was significantly higher (shorter time constant at 4000 Hz).
In analyzing the simple effect of paradigm, there was no significant difference in the cutoff frequency provided by all three paradigms at 1000 Hz. At 4000 Hz, the modulation-detection paradigm had the highest mean cutoff frequency, followed by values from both the derived-MTF and temporal-probe paradigms. The cutoff frequencies provided by the latter two paradigms were not significantly different from one another.
The individual cutoff frequencies determined with the temporal-probe and derived-MTF paradigms in this study were in agreement with those found in earlier studies using this method, at both 1000 and 4000 Hz (Ahlstrom, 1984; Buunen, 1976; Rodenburg, 1977; Viemeister, 1973a) . Because the derived-MTF paradigm made use of a broadband noise masker, it is possible that the results could have been influenced by a phenomenon known as comodulation masking release. This possibility was investigated using 2 subjects, and found not to have had any effect on the determination of modulation depth in the derived-MTF paradigm (see Scott, 1986) .
For the modulation-detection method, the cutoff frequencies for a NBN centered at 1000 Hz have been reported to be near 45-50 Hz (Rodenburg, 1977; Viemeister, 1979) . The mean value of 82 Hz observed in this study was somewhat higher than that reported previously. This could be due, in part, to the broader bandwidth used in the present study. The cutoff frequencies in this study for a 4000-Hz bandpass noise, however, were much higher than those found with a wideband noise carrier, which usually provides the highest cutoff frequency obtainable. The background masker used in this paradigm to restrict listening to the bandpass noises has not been used in previous studies. This may explain the higher cutoff frequencies obtained in the present study. In previous reports sensation levels of 20 dB have produced asymptotic levels of performance (Viemeister, 1979) . The signal-to-masker ratio used in the third experiment was 20 dB. Thus, it would appear that the SMR should have not affected the modulation detection thresholds measured.
In addition, a phase shift was demonstrated when using the temporal-probe paradigm. The present data indicate that the location of maximum and minimum probe thresholds in this paradigm will shift as modulation frequency increases above 16 to 32 Hz. One cannot simply measure threshold at the acoustic maximum and minimum in the modulator and assume this provides an estimate of maximum and minimum threshold.
In summary, the characteristics of the "typical" MTF obtained from normal hearing listeners depend, in part, on the psychophysical method used to measure the MTF. When the MTF is characterized as a lowpass-filter transfer function, significant differences in both the cutoff frequency and the attenuation rate of the lowpass filter can be observed due to the use of different measurement paradigms. The temporal-probe and derived-MTF methods yield similar results. The modulation-detection paradigm produces lowpass MTFs with higher cutoff frequencies and shallower attenuation rates than either of the other methods. 
